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Abstract—A large-area, flexible, and lightweight sheet-type
Braille display has been successfully fabricated on a plastic film by
integrating high-quality organic transistors and soft actuators. An
array of rectangular plastic actuators is mechanically processed
from a perfluorinated polymer electrolyte membrane. A small
semisphere, which projects upward from the rubberlike surface
of the display, is attached to the tip of each rectangular actuator.
The effective display size is 4 X 4 cm?2. Each Braille letter consists
of 3 X 2 dots and 24 letters; in other words, 6 letters X 4 lines can
be displayed. Pentacene field-effect transistors with top-contact
geometry have a channel length of 20 um and a mobility of
1 ecm?/V - s. The Braille dots on one line are driven for 0.9 s. The
total thickness and weight of the entire device are 1 mm and 5.3 g,
respectively. The present scheme will enable people with visual
impairments to carry the Braille sheet display in their pockets and
read Braille e-books at any time. Since all the device components
are manufactured on plastic films, these sheet-type Braille displays
are mechanically flexible, lightweight, shock resistant, and poten-
tially inexpensive to manufacture; therefore, they are suitable for
mobile electronics.

Index Terms—Braille display, large-area electronics, organic
transistor, polymer actuator, tactile display.

I. INTRODUCTION

N ORGANIC field-effect transistor (FET) [1]-[12] be-

longs to a new class of electronics that can be fabricated
directly on plastic films at ambient temperatures; therefore, it
is mechanically flexible, lightweight, very thin, shock resistant,
and easy to transport. It is potentially inexpensive since it can be
manufactured by low-cost processes using printing machines.
These attributes of organic transistors cannot be achieved easily
by the present silicon-based electronic materials.

Recent studies of organic transistors are driven by two ma-
jor applications. The first includes flexible displays such as
paperlike displays or e-paper [1], [2]. The second includes
radio-frequency identification (RFID) tags [3], [4]. Since or-
ganic transistors can be manufactured by printing technologies
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[5], [6], they should facilitate the implementation of RFID tags
on packages.

Flexible large-area sensors are recently developed applica-
tions of organic transistors. The earliest example of an organic
transistor-based large-area sensor is a pressure sensor matrix.
Organic transistor active matrices are used to readout pressure
data from sensors. The new pressure sensor could be ideal for
electronic artificial-skin applications in the future generations
of robots [7], [8]. Another new development is a flexible,
large-area, and sheet-type image scanner; it comprises a two-
dimensional array of organic photodetectors coupled with an
organic transistor active matrix for data readout [9].

Organic transistors are also suitable for large-area actuators.
We have recently fabricated a prototype of a flexible, shock-
resistant, and lightweight sheet-type Braille display on a plastic
film by integrating high-quality organic FETs with soft actua-
tors; this display was presented at the IEEE International Elec-
tron Device Meeting [10]. In this paper, we present a detailed
technical report on this new device. An array of rectangular
plastic actuators is processed from a perfluorinated polymer
electrolyte membrane. A small semisphere, which projects
upward from the rubberlike surface of the display, is attached to
the tip of each rectangular actuator. The effective display size
is 4 x 4 cm?. Each letter consists of 3 x 2 Braille dots, and
the total number of dots is 144; thus, 24 letters or 6 letters X
4 lines can be displayed. Pentacene transistors with top-contact
geometry have a channel length of 20 ym and a mobility of
1 cm?/V - s. The Braille dots on one line are driven for 0.9 s.
The total thickness and weight of the entire device are 1 mm
and 5.3 g, respectively. The present scheme will enable people
with visual impairments to carry the Braille sheet display in
their pockets and read Braille e-books at any time.

II. MANUFACTURING PROCESS
A. Device Structure and Principles

The Braille sheet displays are manufactured by laminating
three layers: the organic transistor sheet, the polymeric actuator
sheet, and the cover layer. Since all the materials except the
metal electrodes are made of soft materials, the entire system is
thin, lightweight, and mechanically flexible (Fig. 1). A picture
of a Braille sheet display in plan view is shown in Fig. 1(b).
Some sections of the layers have been intentionally removed in
order to reveal the internal three-layer structure, although the
sizes of all three layers are identical. Fig. 1(c) shows a circuit
diagram of the Braille display.

0018-9383/$25.00 © 2007 IEEE
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Fig. 1. Images of a Braille sheet display. (a) Image of the Braille sheet
display which is manufactured on a plastic film integrating the active matrix
of organic transistors with polymer actuator array based on a perfluorinated
polymer electrolyte membrane. The device is a thin, lightweight, flexile sheet
Braille display. (b) Picture of the device assembly. Some parts of the device
are removed intentionally to show inner structures of this device. This device
is composed of three layers, an organic transistor sheet, a polymeric actuator
sheet, and a cover layer. (c) Circuit diagram of the Braille sheet display. Each
polymeric actuator is connected to one organic transistor. The vertical and the
horizontal lines represent bit and word lines, respectively.

Fig. 2 shows the cross-sectional structure of a single Braille
cell comprising one transistor and one actuator. The manufac-
turing process flow will be explained in the next section. When
a voltage is applied to the polymeric actuators, the sheet-type
actuators bend, as shown in Fig. 2. The semisphere placed
on the actuator rises with the voltage supply and pushes up a
rubberlike surface. An organic transistor active matrix is used
to address the pop-up dots.

B. Organic Transistors

The base films for the organic transistors are made of poly-
imide or poly(ethylenenapthalate) with a thickness of about
100 pm. The detailed manufacturing process flow is available
in [11]. The base film is coated with a 5-nm-thick chromium
adhesion layer and a 50-nm-thick gold layer. Then, a polyimide
precursor (Kemitite CT4112, Kyocera Chemical) is spin coated
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Fig. 2. Design. A cross-sectional illustration of a single Braille dot of this
device. An organic transistor is connected to a polymeric actuator with silver
paste patterned by a microdispenser. A semisphere is attached to the tip of each
actuator.

and baked in a clean oven at 180 °C for 1 h to form a gate
dielectric layer [11]. The thickness of the gate insulator is
240 nm. Next, a 50-nm-thick pentacene layer is deposited as a
channel layer by using a vacuum chamber with a shadow mask.
The 50-nm-thick gold is evaporated through the metal mask to
form the source and drain electrodes. The organic transistor
sheet is covered by an 8-pum-thick poly-chloro-para-xylylene
(parylene) passivation layer. Parts of the parylene layers are
removed by a COg laser drilling machine to generate via
holes [12].

Fig. 3 shows three images of the organic transistor sheet of
different magnifications: 1) the entire chip; 2) six transistors
required to display one Braille letter (six dots); and 3) one tran-
sistor. The channel length L and the width W of the transistors
are 20 pum and 49 mm, respectively, which corresponds to a
W/ L ratio of 2450. This large W/ L ratio is required to ensure
a good time response of the actuators, which will be explained
later. The size of the entire active matrix is 4 x 4 cm?, while
that of a single transistor is 1.5 x 1.5 mm?.

C. Polymeric Actuators

The thin-film actuators are made of an ionic polymer metal
composite (IPMC) [13]. Several soft actuators, such as dielec-
tric elastomers [14] and conjugated polymer actuators [15], are
available; however, we used IPMCs as soft actuators for the
Braille displays because it is known to exhibit large displace-
ments and high response rates.

By employing electroless plating, electrodes are formed
on surfaces of a 300-pm-thick perfluoronated ion-exchange
membrane, Nafion (NE-1110, DuPont) [16]. Before the plat-
ing process, both surfaces of the membrane are roughened
with sandpaper in order to increase the net surface area.
The membrane is immersed in a dichloro-phenanthroline-gold
(IIT)-chloride complex ([AuCly(phen)Cl]) solution overnight at
room temperature in order to impregnate the gold ion into
the membrane. It is then placed in sodium sulfite solution
at 60 °C for 5 h to form electrodes on both surfaces of the
membrane. This plating process is repeated five or six times.
The capacitance of the membrane increases with increasing
repetitions of the plating process [17]. The actuator sheet is
immersed in lithium chloride solution to exchange the protons
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Fig. 3. Organic transistor active matrix in the chip. (a) Pictures of a whole of
the organic transistor active matrix sheet, which includes 144 transistors. The
scale is 1 cm. (144 dots) (b) Magnified view of transistor active matrix. The
white line indicates an area of transistors for switching one character. (six dots)
The scale is 5 mm. (c) A further magnified view of a single transistor. G, D,
and S indicate gate, drain, and source electrode, respectively. The channel
length and width are 20 m and 49 mm, respectively. The scale is 1 mm.

inside the membrane with lithium ions. This process facilitates
a large displacement, high speed, and a large generating force.

The actuator sheet is mechanically processed using a nu-
merically controlled (NC) cutting machine to form an array of
12 x 12 rectangular actuators whose size is 1 x 4 mm?. Note
that in Fig. 4, the rectangular actuators are aligned alternately
and diagonally. Due to this unique design, the present actuator
array exhibits displacements, time responses, and forces of
actuators that are sufficient for Braille displays; this will be
explained later.

Each rectangular actuator remains connected to the parent
sheet while being isolated electrically. For the isolation, insu-
lating grooves with a depth of 80 pm are prepared on one side
of the actuator sheet by using an NC drilling machine; the other
side is not processed and is used as a common electrode.

We describe a supplemental experiment for the insulating
groove. The groove is prepared on the surface of 1-mm-width
rectangular actuators, and the resistance between the two elec-
trodes that are separated by this groove is measured by changing
the depth of the groove. As shown in Fig. 5, the two electrodes
are perfectly isolated when the depth exceeds 30 pm. In this
manner, all the 144 actuators on the same sheet are isolated
electrically and operated separately.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 54, NO. 2, FEBRUARY 2007

Fig. 4. Plastic actuator array. Picture of whole sheet of polymeric actuators
(12 x 12 array) and magnified image of actuators for one letter (3 X 2 dots).
The size of each actuator is 4 mm in length and 1 mm in width. A semisphere of
radius 0.9 mm is attached to the tip of each actuator. The scales for the picture
of whole sheet and magnified image are 2 cm and 2 mm, respectively.
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Fig. 5. Insulating grooves. Insulating property of insulating groove prepared
on the actuator sheet. Two electrodes are perfectly isolated when the depth of
insulating groove exceeds 30 pm.

Plastic balls with a radius of 0.9 mm are polished to be used
as semispheres, which are attached by an adhesion bond on the
top of the actuators. Semispheres are used instead of spheres
because the former can be tightly bound to the surface of the
actuator sheet. Moreover, their usage also leads to the reduction
in the total thickness of the Braille displays.

D. Integration of Transistors With Actuators

The transistor and actuator sheets are laminated together
after their fabrication. In order to realize via interconnections
between the electrode pads of the transistors and the surface
electrodes of the actuators, anisotropic conductive tapes or
silver pastes patterned by a microdispenser are used. The
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laminated sheets are covered by a plastic frame made of
650-pum-thick poly(ethylenentereapthalate) whose surface is
coated by a 10-pum-thick polydimethylsiloxane (PDMS) film.
The PDMS layer is fluorinated by drop casting (Kanto Kasei
Ltd., HANARL RX-410) to obtain a smooth surface.

III. DEVICE CHARACTERISTICS

In this section, we report the characteristics of discrete
transistors and discrete actuators prior to integration. Then, we
characterize the Braille cells that comprise transistors, actua-
tors, and the rubberlike surface.

A. Organic Transistors

All electric measurements were performed in air by using
a semiconductor parameter analyzer (Agilent 4156 C). The
typical I-V characteristics are shown in Fig. 6(a) and (b).
The mobility in the saturation regime is 1 cm?/V - s, and the
ON/OFF ratio is 10° when the OFF current is defined as the
minimum current with a positive voltage bias. In order to reduce
the operation voltage to 10 V, the thickness of the gate dielectric
layer is set to a value as small as 240 nm. A large current
(~600 p1A) is obtained at low voltages (Vgs = Vps = —10 V)
for the organic transistors.

As will be explained later in detail, IPMC-based actuators
are usually operated in wet conditions. We have monitored
the changes in the electric characteristics of organic transistors
floated in purified water. We have measured a test device, which
has different structural sizes, manufactured by the aforemen-
tioned process. For this device, the thickness of gate dielectric
layer is 580 nm and the channel width W and length L of the
transistor are 1 mm and 100 pm, respectively. As shown in
Fig. 6(c), the transistors continue to exhibit a large ON current
and small OFF current (ON/OFF = 10%) after a period of three
weeks.

B. Polymeric Actuators

One of the actuators (1 x 4 mm?) is characterized before its
integration with the organic transistors. The rectangular voltage
of £3 V is applied to the actuator at a repetition rate of 2 Hz.
The time response of the actuators is measured. Fig. 7(a) and
(b) shows the voltage between the two actuator electrodes and
the displacement of the actuators, respectively, as a function
of time.

The displacement and the generating force of the actuators
are measured as a function of voltage for three actuators with
identical sizes of 1 x 4 mm? and plotted in Fig. 7(c) and (d),
respectively. The force was measured using a load cell. The
displacement and the generating force increase with the applied
voltage and peak at 0.4 mm and 1.5 gf, respectively, at 2.5 V.
Although the performance of the actuators depends on their
structural parameters such as width, length, and thickness, the
present design using actuators with a size of 1 x 4 mm? exhibits
a good performance that is suitable for application in Braille
sheet displays.
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Fig. 6. Stand-alone organic transistors. (a) Vpg—Ipg characteristics of the
organic transistors measured by gate voltage bias Vgg from 0 to —10 V with
a step of —2 V. (b) Vgs—Ipg characteristic measured by Vpg = —30 V and
gate voltage bias Vgg from 15 to —30 V. W and L are 49 mm and 20 pm,
respectively. The ON/OFF ratio exceeds 10% when the OFF current is defined
as the minimum current at positive voltage bias. (c¢) Degradation of transistor
characteristics in wet condition. For this device, the thickness of gate dielectric
layer is 580 nm, and the channel width W and length L of the transistor are
1 mm and 100 pm, respectively. The ON current at Vgg = Vpg = —40 V
and minimum current at positive gate voltage bias of the organic transistor
with parylene passivation layer immersed in deionized water are measured. The
device exhibits no significant degradation over three weeks.

C. Braille Cells

In this section, one of the completed Braille cells is char-
acterized. The time response of the actuators is measured
at different gate voltages—Vgs = 0,—10,—20, and —30 V.
The power supply voltage (Vpp) is —10 V for the up states
and 10 V for the down states. Fig. 8(a) and (b) shows the
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Stand-alone plastic sheet actuators. A stand-alone polymeric actuator of 4 mm in length and 1 mm in width is measured. When a series of rectangular

voltage of £3 V is input, the frequency response of the actuators extends up to 2 Hz. The voltage between two electrodes of actuator and displacement of actuator
is shown in (a) and (b) in the same time scale, respectively. (c) The displacement and (d) the generating force of an actuator are plotted as a function of the input

voltage.

voltage between two actuator electrodes and the displacement
of the actuators, respectively, as a function of time. Fig. 8(c)
is the magnified view of the initial elevation of the Braille dot.
The time required to obtain a displacement of 0.2 mm decreases
with the increase in Vzg and reduces to 0.9 s at Vgg = =30V,
thus indicating that a frame rate of 1 Hz would be feasible.

We investigate the duration for which the Braille dots can
maintain their displacement or upward state. A voltage Vpp
of —10 V is applied for an initial several seconds, and it is
then removed to obtain a ground state. As shown in Fig. 8(d),
the displacement gradually decreases when Vpp is removed.
However, the decay time is of the order of several minutes,
which is considerably greater than the time required for visually
impaired individuals to read Braille. When a longer hold time is
required, the device should be refreshed at intervals of several
minutes.

Fig. 9(a) shows one of the Braille dots moving upward and
downward. Four Braille letters displayed by the present device
are shown in Fig. 9(b). We will describe the readability of the
present device in the Discussion section.

IV. DIsCUSSION

In the present device, the response of the actuators is limited
by the time required to charge and discharge the actuator
electrodes, which is analogous to large capacitors. In order to
obtain a faster response, it is very important to increase the
magnitude of current flowing into the actuator electrodes. In
Fig. 10, we plot Ipg of the transistor at Vpg = —10 V and
the velocity of the actuators at Vpp = —10 V as functions
of Vgs. Here, the velocity is defined as the displacement of

0.2 mm divided by the time required to obtain a displacement
of 0.2 mm. As shown in Fig. 10, the Ipg curve is traced over
the velocity data points. This result indicates that the speed of
this device is not limited by the high-frequency response of the
transistors or actuators but by the magnitude of current flow.
Therefore, a larger W/ L ratio of the transistors facilitates the
increase in the response time.

We briefly describe the readability of the present Braille
display. Four visually impaired individuals participated in the
reading tests. When the operator input “Na” and “Wa” in
the Japanese Braille format, all four individuals were able
to recognize the letters correctly. This result shows that the
generating force and the displacement of this device are suf-
ficient to facilitate reading by the visually impaired. Further, it
demonstrates the feasibility of this new design that integrates
organic transistors and polymer actuators for realizing Braille
sheet displays.

However, it is known that the ability of reading Braille
varies across the visually impaired and, in general, a larger
displacement and a larger force help them in reading Braille
more easily. In particular, the variations in the displacement and
the generating force of the Braille dots must be minimized for
better readability, although the present device shows fairly large
performance variations, as shown in Fig. 7. These variations
may be ascribed to the unevenness in the electroless plating
process and/or the fluctuations in the size of the actuators that
arise due to the inaccuracy of the mechanical process. These
imperfections would be removed by optimizing the process
conditions.

The issues that remain to be addressed are the reliability and
stability of the device. The IPMC-based actuators are usually
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Fig. 9. Display operation. (a) Magnified pictures of one Braille dot moving
upward and downward. The scale is 1 mm. (b) Pictures of Braille sheet display
showing the characters “1,” “w,” “b,” and “f” in the American Braille style.
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Fig. 8. Braille cells. The displacement of a Braille cell when gate voltage bias
Vas =0, —10, —20, and — 30 V is measured as a function of time. The power
supply voltage Vpp is rectangular voltage of 10 V. The voltages between
two electrodes of actuator and displacement of actuator are shown in (a) and
(b), respectively. (c) Magnified view of initial rise retraced from (b). The rise
time required to displace a Braille dot from 0 to 0.2 mm becomes 0.9 s at
—30 V. (d) Retention property of Braille dot. A voltage Vpp of —10 V is
applied for initial several seconds, and voltage is changed to ground state at
the time indicated by the arrows. The displacement of actuator is plotted as a
function of time.

operated in wet conditions, while organic transistors degrade
easily in moisture and/or oxygen. The organic transistors with
parylene passivation layers can function for more than three
weeks under humid conditions, as shown in Fig. 6(c); however,
a longer lifetime is required for most of their practical applica-
tions. The straightforward approach toward suppressing such
degradations is to employ more sophisticated encapsulation
techniques. Alternately, IPMC-based actuators can operate in
ambient air when their membranes are filled with an ionic
liquid [18]. Another option involves the use of carbon nanotube
actuators that are soft, yet functional in air [19].
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Fig. 10. Relationship between displacement of actuator and current. Two
experimental results are plotted; the one is Ipg—Vg transistor characteristic
(Vbg = —10 V) and the other is the effective velocity of the dot as a function
of Vas (Vbp = —10 V). The velocity of the dot is limited by the magnitude
of the current.

Commercial Braille displays that utilize piezoelectric or
solenoid actuators are available. Such actuators can control
displacement with a high accuracy and also obtain large forces;
however, their miniaturization is complicated. Recently, con-
ductive polymer actuators [20] and dielectric elastomer actua-
tors [21] have been proposed as actuators for Braille displays.
However, the displacement of conductive polymer actuators
was not sufficiently large, and the driving voltage of the elas-
tomer actuators was high (> 100 V).

V. CONCLUSION

A lightweight, thin, and flexible sheet-type Braille display
has been fabricated on a plastic film by integrating high-
quality organic FETs and IPMC-based polymer actuators. The
effective display size is 4 x 4 cm? and 24 Braille letters,
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6 letters x 4 lines, can be displayed. The total thickness and
weight of the entire device are 1 mm and 5.3 g, respectively. The
new design in this paper offers an attractive scheme for reducing
the thickness and weight of Braille displays and yet maintains a
reasonable performance. The sheet-type Braille displays can be
easily carried in pockets; therefore, they are suitable for mobile
applications such as Braille e-books. It is also expected that the
sheet-type Braille can be easily implemented in many digital
and information appliances including cell phones without ne-
cessitating major changes in the design of the parent appliances.
Thus, Braille would be more conveniently used by the visually
impaired in various situations.
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